Cell apoptosis often induces inflammation and injury in the liver, with endoplasmic reticulum (ER) stress as the most possible reason. Resveratrol (RSV) has been shown to prevent hepatic steatosis and alleviate apoptosis, however, the exact mechanisms underlying the effects still need to be explored. Here we co-cultured HepG2 cells with free fatty acid (FFA) solution (oleic acid: palmitic acid = 2:1) and then exposed to a carbon tetrachloride (CCl4) solution to induce apoptosis. To evaluate the therapeutic effects, RSV (2.5 μM, 5 μM, 10 μM) was added to the cells. Results showed that HepG2 cells co-cultured with FFA exhibited lipid infiltration and were susceptible to apoptosis upon exposure to the CCl4 solution. The expression of molecules related to apoptosis (Caspases, Bcl-2/Bax) and ER stress (GRP78, IRE1, ATF6, PERK, et al.) was all significantly decreased upon RSV treatment. We further inhibited GRP78 by siRNA, results showed that the anti-apoptotic effect of RSV still maintained under GRP78 siRNA condition. Our data demonstrated that lipid accumulated HepG2 cells were susceptible to injury, and RSV could improve apoptosis in FFA and CCl4 stressed cells, which partially via restoring ER function.
INTRODUCTION
Liver is the primary organ of lipid metabolism and plays a major role in detoxification [1] . Hepatocytes are the major functional cells in the liver and compose 70-85% of the parenchymal tissue. Metabolic disruption in the liver can be caused by multiple factors, such as obesity, diabetes, and viral infection [2] . Nutrient stressed hepatocytes are easily to be steatosis, with non-alcoholic fatty liver disease (NAFLD) as the representative liver diseases that associated with steatosis. NAFLD is defined as fat accumulation exceeding 5% of the whole weight of the liver, and it significantly increases the risk of chronic hepatic diseases in patients [3] .
Steatosis is considered to diminish the function of hepatocytes in metabolizing, detoxifying, and inactivating exogenous compounds, rendering the liver to be more sensitive to toxin-induced damage [4] . Therefore, NAFLD can progress from simple steatosis to non-alcoholic steatohepatitis (NASH), cirrhosis, and even hepatocarcinoma. Lipid accumulated hepatocytes are prone to apoptosis, which is one of the most prominent features in the development and progression of liver diseases. Various types of cell stress can cause hepatocyte apoptosis, but the exact mechanisms have yet to be determined. Recently, endoplasmic reticulum (ER) stress has been reported to be one of the most likely causes [5] . On the one hand, ER is a vital organelle that responsible for protein, lipid, and steroid synthesis and metabolism, making ER especially sensitive to the metabolic disorders associated with NAFLD. On the other hand, the ER is responsible for the regulation of calcium homeostasis, Research Paper www.impactjournals.com/oncotarget post-translational modifications and the folding of newly synthesized proteins, all of which are related to cell survival [6] [7] [8] . Therefore, ER stress is more likely to cause hepatocyte apoptosis in patients with NAFLD that was induced by risk factors.
Resveratrol (3, 5, 4 '-trihydroxystilbene, RSV) is a natural compound with a polyphenolic structure, it is found in grapes and red wine and has been indicated to obtain a wide range of biological effects, such as lifespan extension [9, 10] , cardioprotective [11, 12] , anticancer [13] , anti-inflammatory [14] , and antioxidant [15] properties. In addition, RSV was reported to improve NAFLD in animals, possibly via regulating metabolic homeostasis, improving inflammation and oxidative stress [16] [17] [18] [19] [20] . However, the regulatory effect of RSV on ER stress is relatively complex. Cancer research has indicated that RSV plays a role in inducing ER stress to promote cancer cell apoptosis [21] [22] [23] . Other research has shown that RSV improves cardiomyocyte hypertrophy and inflammation via inhibiting ER stress [24] [25] [26] . In rats fed a high-fat diet, RSV could prevent hepatic steatosis and ER stress [27] , but the mechanisms require further study.
Considering the potential role of ER stress on apoptosis and the importance of hepatocytes in liver injury, we specifically studied the role of RSV on apoptosis in hepatocytes. By evaluating the effects and inhibiting ER chaperon protein, we looked insight into the mechanisms underlying the anti-apoptotic capacity of RSV.
RESULTS

Lipid-stressed cells were more susceptible to apoptosis
HepG2 cells co-cultured with free fatty acid (FFA) solution for 24h showed obvious lipid droplet accumulation, as identified by Oil Red O staining ( Figure 1A ). By staining with Nile red, lipid content in the cells was quantified by flow cytometry. Results indicated that the mean fluorescence intensity (MFI) was significantly increased in the FFA co-cultured cells compared to that in control cells ( Figure 1B ). Followed by co-culturing with FFA solution, the cells were further exposed to carbon tetrachloride (CCl 4 ) solution to induce apoptosis, and we also set cells with CCl 4 stimulation alone. Microscopy observations indicated that both CCl 4 and FFA+CCl 4 stimulated cells failed to adhere completely and showed considerable shrinkage. Typical morphological characteristics of apoptosis (nuclear fragmentation and chromosome condensation) were found in the FFA+CCl 4 cells ( Figure 1C ). Annexin V/PI staining was used to quantitatively analyse apoptosis, and the results showed that the proportion of both early and late apoptotic cells dramatically increased in FFA+CCl 4 cells in comparison with the CCl 4 stimulation cells ( Figure 1D and 1E).
We have also detected the cell viability, compared with control cells, FFA alone or low concentration CCl 4 (1 mM, 2 mM) alone did not obviously affect cell viability in HepG2 cells, however, the same dosage of CCl 4 caused significantly cell viability decrease in FFA stressed cells ( Figure 1F ). The CC 50 value of CCl 4 decreased from 4.13 mM in control cells to 2.61 mM in FFA stressed cells, indicating that the steatotic HepG2 cells were more susceptible to cell injury (Figure1F and 1G).
Cell apoptosis was associated with ER stress
The caspase family is a group of cysteine proteases with similar structure, and many members of this family are associated with apoptosis [28] . In FFA+CCl 4 (4mM) stressed cells, the mRNA expression of caspase-3, caspase-6, caspase-7 and caspase-9 was all significantly increased ( Figure 2A ) and the caspase -3 protein expression was also increased ( Figure  2D and 2E). The ratio of Bax/Bcl-2 is often used to evaluate apoptosis, while Bcl-2 inhibits apoptosis, the Bcl-2-associated X protein (Bax) promotes the process [29] . In our FFA+CCl 4 stressed cells, both Bax and Bcl-2 mRNA ( Figure 2B and 2C) and protein expression ( Figure 2D and 2E) were significantly increased in comparison with control cells, however, the ratio of Bax/Bcl-2 was decreased ( Figure 2C and 2E) indicating apoptotic status of FFA+CCl 4 stressed cells.
ER stress is one of the major mechanisms associated with apoptosis [30, 31] . In FFA+CCl 4 stressed cells, the expression of ER stress related molecules including GRP78 (Bip), CHOP, and XBP-1 all significant increased compared with control cells ( Figure 2D ). We further analysed the protein expression of GRP78, and found that the protein expression was consistent with the mRNA expression ( Figure 2E and 2F) , suggesting that hepatocyte apoptosis was related to ER stress.
RSV inhibited apoptosis in stressed HepG2 cells
To evaluate the effect of RSV on apopotosis, we added different concentrations of RSV (2.5 μM, 5 μM, 10 μM) along with CCl 4 solution (4 mM) to FFA stressed cells. Results showed that RSV could increase cell viability in a dose-dependent manner ( Figure 3A ). Cell morphology observation indicated that apoptotic features (cell shrinkage, nuclear fragmentation and chromatin condensation) were obviously improved in 10 μM RSV treated cells ( Figure 3B ). Based on flow cytometry analysis, RSV treatment decreased the percentage of cells that stained positive with Annexin V and/or PI in a dosedependent manner ( Figure 3C and 3D). Furthermore, RSV could significantly reduce the mRNA expression of caspase family members (caspase -3, -6, -7, -9) in a dose-dependent manner ( Figure 3E ). To further verified the effect, we detected the protein expression of caspase-3 and cytochrome c, whereas the expression significantly increased in FFA+CCl 4 stressed cells, RSV treatment could restore the protein expression to nearly normal level ( Figure 3F ).
RSV alleviates ER stress in stressed HepG2 cells
Lipids or toxins accumulation could increase the susceptibility to ER stress, and ER stress results in inflammation and apoptosis via the activation of three different pathways: the inositol-requiring enzyme 1 (IRE1), RNA (PKR)-like ER kinase (PERK), and transcription factor 6 (ATF6) pathways [32] [33] . Unexpectedly, we observed the increase of GRP78 expression in apoptotic cell, GRP78 as the essential protein to main cellular homeostasis via ca-ATPase, since CCl 4 can direct act on mitochondria, the GRP78 increase of might result from stress response occurred in the early stage. To evaluate the effect of RSV on ER stress, we analysed the related molecules. Results showed that the expression of key molecules was significantly increased in FFA+CCl 4 conditions, and RSV treatment could obviously decrease the related molecules, such as XBP-1, CHOP, TRAF2, IRE1, ATF6, GADD34, ATF4, eIF2α, PERK ( Figure 4A ). We further analysed the protein expression of several molecules, and found that RSV could inhibit GRP78, IRE1, TRAF2, PERK protein expression and eIF2α phosphorylation ( Figure 4B ). These results suggested that the RSV-induced inhibition of the ER stress response is one possible mechanisms of the antiapoptotic effect.
The effects of RSV were not completely dependent on GRP78
GRP78 is a type of molecular chaperone that associates with IRE1, PERK, and ATF6 under stress-free conditions. When the stress response is initiated, GRP78 dissociate these proteins and activate the unfolded protein response (UPR) [34] [35] . GRP78 knockout mice are susceptible to UPR activation and apoptosis, indicating that GRP78 is a negative regulator of the UPR and a potent suppressor of apoptosis [36, 37] . GRP78 small interfering RNA (siRNA) inhibited both the mRNA and protein expression of GRP78 in HepG2 cells ( Figure 5A ). To comprehensively evaluate RSV on apoptosis, 25 pmol/ mL concentration of GRP78 siRNA was selected, and a non-targeting (high GC) siRNA (NT-siRNA) was used as a control. Cell viability was decrease in GRP78 siRNA cells, 10 μM RSV could restore the cell viability both in NT-siRNA cells and GRP78 siRNA cells ( Figure 5B) , and RSV also simultaneously reduced the percentage of apoptotic cells ( Figure 5C and 5D) . These results showed that RSV had a protective effect on apoptosis.
Previous results demonstrated that RSV downregulated GRP78 expression in FFA+CCl 4 stressed cells, but the effect was unobvious in GRP78 inhibited cells ( Figure 5E ). However, RSV decreased the expression of Caspase-3 both in NT-siRNA cells and GRP78 siRNA cells ( Figure 5F ). In GRP78 inhibited, FFA+CCl 4 stressed cells, RSV could still inhibit apoptosis and increase viability, suggesting that the effect of RSV on apoptosis possibly occurs downstream of GRP78 in the ER stress pathway or via other pathways.
DISCUSSION
Apoptosis plays an important role in liver injury. In the present study, we found that the lipid stressed HepG2 cells were susceptible to injury, and evaluated the antiapoptotic effect of RSV. By analysing the ER stress related molecules, we indicated that the beneficial effects under RSV might be associated with ER function.
Cell apoptosis is programmed cell death and characterized by specific morphological features, such as cell shrinkage, nuclear fragmentation, and chromatin condensation. Apoptosis is an important mechanism in the progression and development of NAFLD, and hepatocyte apoptosis is usually observed in NAFLD patients and animal models [38, 39] .
Apoptosis can be induced by the activation of death receptors, mitochondrial dysfunction, DNA damage, excessive autophagy, and ER stress [40] . In liver cells, mitochondrial dysfunction can amplify the apoptotic signal and integrate various pathways to promote apoptotic response. The caspase family and the Bcl-2 family play important roles in this process. Mitochondrial dysfunction causes the release of cytochrome c into the cytosol. Subsequently, cytochrome c can combine with caspase-9 and apoptotic-protein activation factor-1 (Apaf-1) to start the apoptosis programme by forming the apoptosome, and the complex initiates further cascades that leading to apoptosis [41] . In addition, Bcl-2 family proteins regulate mitochondrial function, and the Bax/Bcl-2 ratio usually indicates the extent of apoptosis [42] . In the present study, the levels of caspase-3, caspase-6, caspase-7 and Figure 2 : ER stress is associated with cell apoptosis. The mRNA expression of (A) Caspase family genes (caspase-3, caspase-6, caspase-7 and caspase-9), (B) Bcl-2 family genes (Bax, Bcl-2), (C) the ratios of Bax/Bcl-2, and (D) molecular chaperones of ER (GRP78, CHOP, and XBP-1) were analysed by qRT-PCR, and the protein expression of caspase-3, Bax/Bcl-2, and GRP78 were determined by western blot (E and F). Data were presented as the mean ± sd of three independent experiments. # p < 0.05, ## p < 0.01, ### p < 0.001 vs control cells. www.impactjournals.com/oncotarget caspase-9 were significantly increased in the stressed cells, which confirmed the pathological mechanism underlying the apoptosis. The Bax/Bcl-2 ratio was significantly decreased though the expression of pro-apoptosis Bax and the anti-apoptotic Bcl-2 was increased. In addition, the anti-apoptosis function of Bcl-2 might be associated with the adaptive mechanisms of negative feedback [43] .
ER stress plays a special role in NAFLD, to cope with ER stress, cells activate UPR. When the UPR is too strong or too long, the stress response cannot restore ER homeostasis, and signals downstream of the ER stress will activate the apoptotic process. RSV is believed to have liver-protective and anti-inflammatory effects. Previous research indicated that RSV could alleviate the onset of NAFLD in a mouse model and inhibit the ER stress during the progression of the disease [27] . Consistently, we showed that RSV could inhibit apoptosis in stressed HepG2 cells and the transcription of the corresponding genes, suggesting that RSV had a protective effect on liver cells under apoptosis-inducing conditions. Other study revealed that resveratrol ameliorates ER stress by downregulating CHOP and GRP78 expression and hampering caspase-3 activity, which is also agreed to our data [44] . In addition, RSV could decrease the transcription of ER stress related molecules, having an overall inhibitory effect on the ER stress. GRP78 is molecular chaperone located in the ER, although the expression of GRP78 increased during apoptosis, GRP78 knock out animals are prone to apoptosis [45] . However, when the GRP78 gene was down-regulated with siRNA, RSV still played a role in inhibiting apoptosis in the model cells, indicating that the anti-apoptotic effect of RSV was not solely dependent on GRP78 and has an overall inhibitory effect on the ER stress reaction. Actually, studies showed that RSV could protect cells from apoptosis by directly inhibit Caspase-3 [46] , thus the anti-apoptotic effect of RSV might be dependent on both caspase inhibition and ER stress restoration. In summary, the present study demonstrated that lipid stressed HepG2 cells were susceptible to injury, and the natural compound RSV could improve apoptosis in lipid and injury stressed cells, one of the possible mechanisms is ER function restoration.
MATERIALS AND METHODS
Cell culture
HepG2 cells (Shanghai Genetics Chinese Academy of Sciences Cell Bank, Shanghai, China), a cell line derived from a polarized human liver, were maintained in Dulbecco's modified Eagle's medium (DMEM, high glucose) supplemented with 1% (v/v) antibioticantimycotic solution (Gibco, U.S.A.) and 10% (v/v) heatinactivated foetal bovine serum (Gibco, U.S.A.). The cells were incubated at 37°C with 95% humidity and 5% CO 2 .
An FFA solution was prepared by mixing oleic acid and palmitic acid (2:1) and dissolving the mixture in DMEM medium under appropriate heating conditions. The toxin solution contained CCl 4 and DMSO, which were suspended in DMEM medium via ultrasonic dispersion.
HepG2 cells were seeded at a density of 5 × 10 3 cells/well in 96-well plates or 1.25 × 10 5 cells/well in 6-well plates and incubated overnight. Then, the cells were co-cultured with FFA solution (final concentrations of 0.5 mM oleic acid and 0.25 mM palmitic acid) for 24 h. For apoptotic induction, the cells were then exposed to the CCl 4 (1 mM, 2 mM, 4 mM, 6 mM) dissolved in 0.15% DMSO for another 24 h. RSV at different concentrations (2.5 μM, 5 μM, 10 μM) was added simultaneously with CCl 4 solution (4 mM) to evaluate the therapeutic effect. (FACSCalibur, BD Biosciences, U.S.A.). Data analysis was performed using CellQuest software.
Oil red O staining and Nile red staining
Cell apoptosis assay
After treatment, cells were washed two times with PBS and stained with annexin V (FITC) in binding buffer at 4°C for 20 min. The cells were then suspended in binding buffer and stained with propidium iodide (PI). Cell fluorescence was detected by flow cytometry (FACSCalibur, BD Biosciences, U.S.A.). CellQuest software was used to analyse the data.
Cell viability
The crystal violet assay was used to detect cell viability. At the end of each experiment, crystal violet solution (0.03% crystal violet dissolved in 20% methanol) was used to fix and stain the cells for 10 min, and then lysis buffer was used to solubilize the dyed samples. After the dye was completely dissolved, the absorbance values were read at 540/630 nm using a spectrometer. Cell viability was calculated based on the absorbance value.
Quantitative real-time PCR analysis
At the end of the each experiment, HepG2 cells were lysed with TRIzol reagent (Invitrogen, U.S.A.), and RNA was extracted for reverse transcription using a PrimeScript TM RT Reagent Kit (Takara, Japan). Real-time PCR was performed using SYBR Green Reagents (Takara, Japan) with quantitative analysis using a Real-Time PCR System (Applied Biosystems, U.S.A.). The primer sequences for the human samples were listed in Table 1 . The amplification reactions, data acquisition and analyses were performed using 7500 Software v2.0.6 (Applied Biosystems, U.S.A.), and the relative mRNA expression was calculated using the 2 -ΔΔCT method.
Western blotting analysis
At the end of the each experiment, HepG2 cells were placed in RIPA lysis buffer (Beyotime Biotechnology, China) and centrifuged (12,000 × g for 5 min) to remove impurities. Proteins were quantitated using the bicinchoninic acid (BCA) method. Protein samples (total protein, 50 μg/lane) were examined using 10% polyacrylamide gel electrophoresis and then transferred to membranes (polyvinylidene fluoride, PVDF, Millipore, U.S.A.). Non-specific binding was blocked with 5% bovine serum albumin (BSA) with 0.05% Tween in triethanolamine-buffered saline solution (TBS) and incubated with primary antibodies (cytochrome c, caspase-3, GRP78, phospho-eIF-2ɑ, IRE1, TRAF2, PERK, β-tubulin and β-actin; all antibodies were acquired from Cell Signaling Technology and Abcam, U.S.A.) at 4°C for 12 h, followed by the addition of HRP-conjugated secondary antibodies (ICLLAB, U.S.A.). The membranes were washed three times with TBST (TBS containing 0.05% Tween). Bands were visualized and quantified by gel imaging instrument and matched software (ImageQuant LAS system, GE Healthcare Life Sciences, U.S.A.).
GRP78 gene silencing
GRP78 gene silencing was achieved by the transfection of a specific small interfering (si) (5′-CAG CAA CTG GTT AAA GAG TTC A-3′) RNA targeting GRP78 mRNA (Stealth siRNA™, Invitrogen, U.S.A.), and the negative control cells were added with a non-targeting (NT) siRNA (Stealth siRNA™ Negative Control, high GC, Invitrogen, U.S.A.). The cells were transfected with Lipofectamine RNAiMAX reagent for 24 h using siRNAs at final concentrations of 12.5, 25, and 50 nM. The transfection efficiency was evaluated using qPCR, and the downregulation of GRP78 was measured by Western blotting.
Statistical analyses
All the data was analyzed using GraphPad Prism 5.01 software (GraphPad Prism Software Inc., San Diego, CA) and presented as Mean ± standard deviation (SD). Student's t test was used when the data had a normal distribution. p < 0.05 was considered statistically significant.
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